Regulation of the expression of nuclear genes encoding chloroplast proteins allows for metabolic adjustment in response to changing environmental conditions. This regulation is linked to retrograde signals that transmit information on the metabolic state of the chloroplast to the nucleus. Transcripts of several APETALA2/ETHYLENE RESPONSE FACTOR transcription factors (AP2/ERF-TFs) were found to respond within 10 min after transfer of low-light-acclimated Arabidopsis thaliana plants to high light. Initiation of this transcriptional response was completed within 1 min after transfer to high light. The fast responses of four AP2/ERF genes, ERF6, RRTF1, ERF104, and ERF105, were entirely deregulated in triose phosphate/ phosphate translocator (tpt) mutants. Similarly, activation of MITOGEN-ACTIVATED PROTEIN KINASE6 (MPK6) was upregulated after 1 min in the wild type but not in the tpt mutant. Based on this, together with altered transcript regulation in mpk6 and erf6 mutants, a retrograde signal transmission model is proposed starting with metabolite export through the triose phosphate/phosphate translocator with subsequent MPK6 activation leading to initiation of AP2/ERF-TF gene expression and other downstream gene targets. The results show that operational retrograde signaling in response to high light involves a metabolite-linked pathway in addition to previously described redox and hormonal pathways.
INTRODUCTION
Appropriate acclimation to a changing environment is necessary to optimize plant growth and fitness. A range of biotic and abiotic factors may influence the acclimation process during the plant life cycle. In addition to long-term acclimation to usually slowly changing stressors like salinity or drought, plants need to respond to fast-acting stressors within rather short time periods (e.g., to heat, cold, or changing light intensities). In high light, overreduction of the photosynthetic electron transport chain is linked to increased release of reactive oxygen species (ROS) (Walters et al., 1996) . In order to minimize photooxidative damage caused by ROS (Mittler, 2002) nonphotochemical quenching allows for efficient dissipation of excitation pressure (Niyogi, 1999) . In addition, plants use several mechanisms to counteract adverse effects of ROS. ROS are detoxified by the water-water cycle in an either ascorbate-dependent enzymatic process (Asada 1999 (Asada , 2000 or ascorbate-independent pathway with peroxiredoxins Muthuramalingam et al., 2009) . Like the majority of chloroplast proteins, all antioxidant enzymes are encoded in the nucleus (Abdallah et al., 2000; Sakamoto et al., 2008) . To coordinate gene expression with metabolic needs, a retrograde signaling network originates from the chloroplast and transmits information on the metabolic state to the nucleus. Singlet oxygen, the redox state of plastoquinone, hydrogen peroxide, metabolites, abscisic acid, and salicylic acid are examples of signaling cues that have been discussed as possible cues for operational and developmental retrograde signaling (reviewed in Baier and Dietz, 2005; Nott et al., 2006; Pogson et al., 2008; Szechy nska-Hebda and Karpi nski, 2013) . The processes involved in acclimation to excess light intensities in Arabidopsis thaliana were investigated by Karpinski et al. (1997 Karpinski et al. ( , 1999 , who observed rapid transcriptional upregulation of ROS scavengers like ASCORBATE PEROXIDASE1 (APX1) and APX2 within 7 min after a 10-fold increase in light intensity. Moreover, H 2 O 2 released from the bundle sheaths was proposed to be a key player in signal transmission. H 2 O 2 accumulates to amounts that can be detected in the apoplast mostly near the veins by 3,39-diaminobenzidine staining within 10 to 20 min (Fryer et al., 2003; Galvez-Valdivieso et al., 2009) . In a previous study, low (L) or normal (N) light-acclimated Arabidopsis plants were transferred to high light corresponding to a 10-or 100-fold light shift. Transcript levels of the water-water cycle enzymes reached similar levels after 6 h despite the very different starting points and physiological conditions (Oelze et al., 2012) . Changes in transcript levels indicate either altered transcription or mRNA turnover. Following the light intensity increase, retrograde signaling pathways rapidly transmit information and allow for adjustment of gene expression by activation of existing transcription factors (TFs) (Kadonaga, 2004) . In a subsequent step, downstream secondary TFs may be upregulated transcriptionally. Davletova et al. (2005) observed expression of the zinc finger protein (ZAT12) after application of H 2 O 2 . op den Camp et al. (2003) investigated transcript regulation in the fluorescent (flu) mutant in order to differentiate between singlet oxygen and ROS signaling. Furthermore, ROS were shown to activate phosphorylation cascades that involved mitogen-activated protein kinases (MAPK) and activation of TFs (Nakagami et al., 2005) . The MAPK kinase kinase, MEKK1, mediates the H 2 O 2 -induced MAPK activation, regulates ROS homeostasis, and, hence, plays a key role in cellular redox control (Nakagami et al., 2006) .
One of the biggest TF families containing 146 members is the APETALA2/ETHYLENE RESPONSE FACTORs (AP2/ERFs) (Riechmann and Meyerowitz, 1998; Licausi et al., 2013) . Besides their role in developmental processes like flower organ development (Jofuku et al., 1994) , they strongly respond to various abiotic stressors and are involved in stress acclimation (Dietz et al., 2010; Lata and Prasad, 2011) . Involved in responses to cold, salinity, or drought stress, DEHYDRATION-RESPONSIVE ELEMENT BINDING PROTEIN1A (DREB1A), 2A, 1B, and 2B probably are the best studied representatives of stressresponsive AP2/ERF-TFs (Sakuma et al., 2006) . Expression profiles and comparison of dreb mutants and DREB overexpressors proved the important and specific function of DREBs in acclimation to abiotic stresses. Treatments with abscisic acid, DCMU, Suc, and low or high light resulted in transcript regulation of different clusters of AP2/ERF-TFs with either a broad response to all or most treatments or specific changes to selected effectors . Furthermore, regulation of AP2/ERF transcript accumulation upon combinatorial treatments deviated strongly from additive effects in response to single stresses . In addition to this general evidence for a role of AP2/ERF-TFs in retrograde signaling, the AP2/ERF-TF ABSCISIC ACID INSENSITIVE4 acts downstream of the master switch GENOME UNCOUPLED1 (Richly et al., 2003) , which mediates signal transmission by pathways originating from protochlorophyllide, photosynthetic electron transport, and oxidative stress in seedlings (Koussevitzky et al., 2007) . Khandelwal et al. (2008) reported expressional upregulation of REDOX RESPONSIVE TRANSCRIPTION FACTOR1 (RRTF1) in response to high light and DCMU and placed it in the central position of a redox responsive coexpression network. Leaves of a rrtf1 line bleach within 48 h of high-light treatment and the coexpression network of redox-responsive genes collapses. Moreover, RRTF1 is upregulated in response to high light in a systemic manner, which enables acquired acclimation of distal leaves unexposed to high light conditions (Gordon et al., 2012) . RELATED TO APETALA 2.4a (RAP2.4a), another AP2/ERF-related TF, displays redox-dependent binding to the promoter of 2-CYSTEINE PEROXIREDOXIN A in protoplasts (Shaikhali et al., 2008) . The conformation of RAP2.4a changes with redox status, and it does not bind to the 2CPA promoter under highly reducing or oxidizing conditions in vitro (Shaikhali et al., 2008) . These data define AP2/ERF-TFs as interesting candidates to link retrograde signaling and nuclear gene expression.
This work aimed to unravel the order of events that induce the activation of the acclimation response following a sudden and strong light intensity jump. Special attention was given to the starting hypothesis that an AP2/ERF-TF coexpression network, identified by bioinformatics analyses as being light responsive, plays a central role in retrograde signaling. The peculiar timedependent regulation of transcript levels of these AP2/ERF-TFs motivated us to search for the trigger that initiates their expression. By analysis of mutants defective in specific retrograde signaling pathways, the triose phosphate/phosphate translocator and MITOGEN-ACTIVATED PROTEIN KINASE6 (MPK6) were identified as key players in this signal initiation. Further signal transmission in response to high light by AP2/ERF-TFs was addressed by comparison of wild-type plants with an AP2/ ERF-TF T-DNA insertion line.
RESULTS

A Set of AP2/ERF TFs Rapidly Responds to High Light
We analyzed the transcriptional responses to high (H) light of members of a potential AP2/ERF-TF coexpression network (Dietz et al., 2010) using plants that were fully acclimated to L-light, as previously shown based on chloroplast ultrastructure and electron transport rate (Oelze et al., 2012) . Upon transfer to H-light, transcript levels of antioxidant defense and marker genes of retrograde signaling profoundly changed in these plants within 6 h (Oelze et al., 2012; Alsharafa et al., 2014) . We enlarged the network starting with RRTF1 using a second tool for coexpression analysis (Expression Angler; Toufighi et al., 2005) ; the obtained network consisted of 19 AP2/ERF-TFs with a total of 50 edges between the different members (Supplemental Figure 1) . The transcript levels of these AP2/ERFTFs were quantified during a time course following the transfer from L-light to H-light (8 to 800 µmol quanta m 22 s 21 ) and from N-light (80 µmol quanta m 22 s 21 ) to H-light. Based on their timedependent expressional profiles upon L-light to H-light (L→H) transfer, the 19 different AP2/ERF-TFs were divided into four groups ( Figure 1A ). Twelve TFs (Group IV) showed a fast upregulation at t = 10 min after L→H shift, mostly followed by a fast decrease of expression, which resulted in very low mRNA levels after 60 min in H-light. The transcriptional changes were similar in plants transferred from N→H-light (Supplemental Figure 2) but with lower magnitude. This indicates a specific role of these TFs in H-light acclimation irrespective of the previous acclimation to L-or N-light.
Due to the higher magnitude of transcriptional changes in the L→H shift, the subsequent experiments were conducted with the 100-fold light increment. Among the members of Group IV, we selected four AP2/ERF-TFs for more detailed analysis: ERF6 showed a 4-fold upregulation with high transcript levels at t = 10 and 30 min of L→H shift followed by a strong decrease and significantly lower mRNA levels after 60 min ( Figure 1B) . A similar expression profile was detected for RRTF1 but with almost no expression in L-light ( Figure 1C ). Furthermore, ERF104 and ERF105 displayed the same significant upregulation at t = 10 min but lacked the subsequent fast decrease ( Figures 1D  and 1E ).
The Transcriptional Response Is Triggered within 2 Min
In order to define the kinetics of the triggering event leading to the fast upregulation of the AP2/ERF-TFs at t = 10 min, we designed an experiment to determine the possible point of no return for the initiation of gene expression of the four selected AP2/ERF-TFs. Whole plants were shifted from L-light to H-light for the durations of 2, 5, and 10 min, respectively. Plants left in L-light were used as a control (Figure 2A ). In addition, other plants were shifted to H-light for 2 or 5 min and afterwards transferred back to L-light for 8 min or 5 min (L→H→L treatment), respectively, and thus harvested 10 min after the L→H shift ( Figure 2A ). All selected AP2/ERF-TFs (ERF6, RRTF1, ERF104, and ERF105) showed significant ;2.5-fold log 2 transcript upregulation at t = 10 min ( Figures 2B to 2E , dark-gray columns), while no significant upregulation was seen at t = 2 or t = 5 min. By contrast, upregulation similar to that at t = 10 min of continuous H-light was seen for all four AP2/ERF-TFs in the L→H→L treatments, i.e., 2 min L→H followed by 8 min L-light and 5 min L→H followed by 5 min L-light ( Figures 2B to 2E , lightgray columns). These results demonstrate that the trigger responsible for the Group IV response was completed by t = 2 min.
Temperature as a trigger could be excluded since it was unchanged within the first minutes of the H-light shift when measured with a small thermosensor directly fixed on the leaf surface ( Figure 3A) . It is well established that ROS are produced under conditions of excess excitation energy and act as signaling molecules in a concentration-dependent manner (Møller et al., 2007) . Following the L→H shift, H 2 O 2 accumulated in the leaves from 2 µmol/g fresh weight up to 4.2 µmol/g fresh weight at t = 30 min ( Figure 3B ). Subsequently, H 2 O 2 concentration declined and had similar levels in L→H as in L-light at t = 60 min to t = 360 min.
Triose Phosphate/Phosphate Translocator Is Involved in Early Transcriptional Light Response
In an attempt to link AP2/ERF-TF transcript accumulation to retrograde signaling, we analyzed Arabidopsis mutants with defects in proposed chloroplast-to-nucleus signaling pathways (Figure 4 ; Supplemental Figure 3 ). Transcript levels of the four TFs were quantified in the mutants and presented as ratio L→H t=10 to L-light controls. We focused on identifying possible components of retrograde signaling that could be involved in metabolite signaling. The assumption was that metabolite changes are among the very fast and first changes that occur in light shifts. Triose phosphate translocator (TPT) is of prime importance for the export of triose phosphate from the chloroplast in exchange for cytosolic phosphate (Flügge, 1999) and appeared to be an ideal candidate for transmission of metabolite signals from the chloroplast to the nucleus since metabolites of the Calvin cycle are known to be autocatalytically built up immediately with activation of photosynthesis (Dietz and Heber, (A) The AP2/ERF-TFs from the coexpression network (Supplemental Figure 1) were classified in four groups according to their time-dependent transcript regulation during L→H shift. Expression patterns in ecotype Col-0 were analyzed using nonquantitative RT-PCR. Validity of RT-PCR results was confirmed by comparison with quantitative PCR for four transcripts and gave correlation coefficients of r = 0.94 to 1.00 for the increases during the first 30 min. Twelve AP2/ERF-TFs had an expression maximum at t = 10 min after L→H shift followed by downregulation. (B) to (E) Transcript regulation of four AP2/ERF-TFs was validated by quantitative PCR (n = 3 independent experiments with duplicate determinations, mean 6 SD, letters indicate groups of same significance, Student's t test: P < 0.05). The highest transcript level for each gene was set to 100%.
[See online article for color version of this figure. ] 1984). Two different insertion mutants of the triose phosphate/ phosphate translocator (tpt1, Schneider et al., 2002; tpt2, Schmitz et al., 2012 ; see Supplemental Figure 4A for schematics of insertion site) lack the activity of the TPT. In contrast to the wild type, none of the investigated AP2/ERF-TFs showed strong upregulation of transcript in either tpt mutant at t = 10 min of L→H ( Figure 4 ; Supplemental Figure 3A ). It is important to note that deregulation of AP2/ERF-TF transcript accumulation in tpt2 relative to the wild type was also observed following a transfer from N→H (Supplemental Figure 5) . Again, significant deregulation was detected for all investigated TFs.
Chloroplast thylakoid protein kinase STN7 mediates shortterm and long-term acclimation and senses the redox state of the plastoquinone pool and thus links nuclear gene expression to intersystem electron transport (Allen and Pfannschmidt, 2000; Pesaresi et al., 2009 ). The stn7 mutant, which carries a T-DNA insertion in the fourth exon (Supplemental Figure 4A) , is defective in a thylakoid-bound kinase responsible for state transition and might unravel a connection between the expression of AP2/ERF-TFs and plastoquinone-dependent redox signaling. Although the transcriptional responses of the four AP2/ERF-TFs ERF6, RRTF1, ERF104, and ERF105 in the mutant did not entirely match the responses in the wild type, significant differences were not observed (Supplemental Figure 3B ). H-light will lead to excess reducing capacity in chloroplasts (Krömer and Scheibe, 1996) . Excess reduction capacity can be released to the cytosol via the malate valve using the chloroplast malate dehydrogenase (MDH). The mdh mutant is defective in the chloroplast MDH (Hebbelmann et al., 2012; Supplemental Figure  4A ) and unable to activate the malate valve (Hameister et al., 2007) . For ERF6, ERF104, and ERF105, similar reaction patterns were observed in the mdh mutants and the wild type (Supplemental Figure 3B ). Only for RRTF1 was an opposite response seen, with a decrease upon H-light transfer in the mdh mutant, which resulted in a negative ratio of the transcript level (Supplemental Figure 3B) . In order to investigate the possible involvement of chloroplast H 2 O 2 , we analyzed the transcript levels of the four selected AP2/ERF-TF in an Arabidopsis line expressing Escherichia coli catalase inside the chloroplast (KatE2; Oelze et al., 2012) . Except for higher transcript accumulation of RRTF1, significant differences in the ratios did not exist (Supplemental Figure 3B ).
Mitogen-Activated Kinases Function Downstream of Metabolite Export
Activation of MAPK cascades is a well-established process in response to abiotic and biotic stresses (Rodriguez et al., 2010) but its involvement in retrograde signaling has not been shown to date. Bethke et al. (2009) reported on an interaction between ERF104 and MPK6, which is disrupted after flagellin peptide (FLG22) application. This prompted us to investigate the phosphorylation state of MAPKs in our L→H shift experiment. Using antibodies that recognize phosphorylated (and, hence, activated (B) to (E) All selected AP2/ERF-TFs showed significant transcript accumulation at t = 10 min of L→H (dark-gray columns). A treatment consisting of 2 min H-light followed by 8 min L-light resulted in similar upregulation (light-gray columns) (quantitative PCR, n = 3 independent experiments with duplicate determinations, mean 6 SE, letters indicate significance groups, Student's t test P < 0.05).
forms of) MAPKs (Bethke et al., 2009 ), phosphorylation of a MAPK of the expected size for MPK6 was detected ( Figure  5A ). MPK6 phosphorylation showed a very fast and ;2-fold upregulation at t = 2 min and t = 5 min of L→H treatment, which subsequently decreased, reaching a similar level at t = 60 min in L→H as in L-light ( Figure 5A ). While the MAPK phosphorylation was much lower than that observed in FLG22-treated plants, it could be reproduced in numerous experiments and hence represents strong evidence that there is H-light-mediated MPK6 activation. By contrast, the activation was absent in mpk6 mutants transferred from L-light to H-light and, although the antibody can also detect activation of MPK3, 4, and 11, phosphorylation of none of these could be observed during the H-light shift, neither in the wild type nor in mpk6 mutants (Supplemental Figure 6) . Interestingly, the early MPK6 activation at t = 1 and 2 min was not seen in the tpt2 mutant ( Figure 5B ). In contrast to MPK6 activation, the MPK6 transcript level was unaltered in the wild type during 60 min of L→H shift ( Figure 5C ). Taken together, these results suggest that a TPT-dependent retrograde signal transduction pathway leads to MPK6 activation upon shifting from L→H light. To test for a link between such a MAPK cascade and the initiation of expression of the AP2/ ERF-TFs at t = 10 min, the transcript levels of ERF6, ERF104, and ERF105 were analyzed in two different mutants of MPK6 at t = 10 min of L→H transfer ( Figure 6 ). ERF6 showed significantly less transcript accumulation at t = 10 min in both investigated mpk6 mutants. Based on this result of deregulated ERF6 in mpk6, we focused on ERF6 in the subsequent analyses.
Certain cis-Elements Are Enriched in Targeted Promoters
The rapid initiation of AP2/ERF-TF gene expression suggests the existence of TFs that are inactive under L-light conditions and rapidly activated after transfer to H-light. In order to search for possible TF candidates, we screened for common cis-elements in the promoter regions of Group IV members of the coexpression network. Overall, 193 cis-elements were found in the 1000-bp upstream regions of the 12 selected AP2/ERF-TFs (Table 1) . Further promoter analysis for common motifs using MEME (Bailey et al., 2006) identified two motifs of 6 to 8 bp length that are common to four promoters, three sites common to three promoters, and >45 sites common to two promoters. No motif that was represented in all 12 promoters could be found, indicating that several TFs act downstream of MPK6 and activate early AP2/ERF gene expression upon the shift to H-light. To explore possible autoregulation within the AP2/ERF-TF network itself, the expression patterns of the two closest neighbors in the AP2/ERF-TF coexpression network (ERF104 and ERF105) were investigated after the L→H shift compared in wild-type and erf6 mutant plants. The T-DNA insertion in the erf6 mutant was confirmed at the genomic DNA level, as was its lack of expression at the transcript level (Supplemental Figures 4B to  4D ). The transcriptional alterations in response to the L→H shift of both ERF104 and ERF105 were similar in the wild type and the erf6 mutant (Supplemental Figure 7) . To confirm the light responsiveness of erf6 expression, to exclude transcript stabilization as cause for ERF6 accumulation and to further investigate the initiation of the AP2/ERF-TF expression, fragments of the ERF6 promoter were fused to a b-glucuronidase (GUS) reporter gene ( Figure 7A ). Protoplasts were transfected in parallel with the p ERF6 :GUS and a p UBI-QUITIN :LUCIFERASE (LUC) constructs. GUS and LUC activities were quantified in a H-light shift experiment. The complete 1000-bp fragment could be activated significantly by the light shift as shown by the higher GUS/LUC ratio relative to the dark control. The (A) Temperature measurements by a thermoelement (n = 3, 6SD) showed no change in leaf temperature during the first minutes of treatment. (B) The H 2 O 2 concentration doubled at t = 30 min of L→H shift from ;2 to more than 4 µmol/g fresh weight. Within 60 min of treatment, the concentration decreased back to L-light levels (n = 3 independent experiments, mean 6 SD, letters indicate significance groups, Student's t test P < 0.05). ERF6, RRTF1, ERF104, and ERF105 transcript levels were quantified in wild-type plants and tpt2 mutant defective in TPT 10 min following the L→H transfer (quantitative PCR, n = 3 independent experiments with duplicate determinations, mean 6 SE, asterisks indicate significant difference from the wild-type transcript level, Student's t test P < 0.05).
GUS/LUC ratio of fragment 4 was reduced in comparison to fragment 1 and showed no difference from the dark control ( Figure 7B ).
Downstream Targets of ERF6 Are Deregulated
To find downstream targets of ERF6, a single ATH1 Gene-Chip was hybridized with probes synthesized from total RNA from erf6 mutants and the wild type after a L→H treatment of t = 30 min.
Eighteen genes were tentatively identified as being differentially regulated (Supplemental Table 1 ). Six transcripts from this list were selected for confirmation by quantitative PCR. The expression of genes encoding chloroplast protein kinase ChlPK-like, a chitinase family protein (CHFP), the heat shock protein HSP20-like (HSP20-like), pathogenesis-related 1 (PR1), and extensin1 (EXT1) appeared to be downregulated in the erf6 mutant, whereas the gene for calcineurin B-like protein interacting protein kinase 11 (CIPK) was (A) The phosphorylation state of MPK6 in response to the 100-fold light shift was determined in wild-type Col-0 plants by immunoblotting with antibodies recognizing phosphorylated forms of MAPKs as well as MPK6-specific antibodies (inset shows a representative immunoblot). Three independent experiments were performed, and the relative MPK6 activation was calculated on the basis of the band intensities as determined by densitometry (6SE). A 2-fold increase occurred after t = 2 min of L→H followed by a decrease to L-light levels at t = 60 min. (B) Comparison of MPK6-activity between the wild type and tpt2 mutants. The MAPK6 phosphorylation state increased in the wild type as before, but not in the mutant (n = 3 independent experiments, mean 6 SE, asterisk indicates significant difference between the wild type and mutant, Student's t test, P < 0.05). (C) Transcript level of MPK6 (n = 3, with duplicate quantitative PCR determinations, mean 6 SE). upregulated in erf6. Changes in transcript levels were quantified during the L→H shift at different time points in erf6 mutants and wild-type plants (Figure 8) .
In summary, the exploratory microarray results from the L→H experiment at t = 30 min could be confirmed for three of six selected targets. However, each of the other three targets also revealed distinctly different transcript kinetics in erf6 and the wild type albeit at other time points and partly in the opposite direction.
DISCUSSION
Successful acclimation to H-light depends on fast molecular responses to avoid photooxidative damage (Karpinski et al., 1997; Niyogi, 1999; Li et al., 2009 ). Here, it is shown that at least one type of signaling initiation after L→H transfer is detectable as MPK6 phosphorylation within a minute and by subsequent transcriptional responses within 5 min. Thus, the pace of these responses is in the same time range as activation of established fast regulatory responses such as nonphotochemical quenching (Niyogi,1999) , redox-dependent activation of reductive metabolism (Oelze et al., 2008) , stimulation of the malate valve for export of excess reducing power (Hebbelmann et al., 2012) , and dissipation of excess energy in mitochondria (Xu et al., 2011) .
The processes investigated herein are involved in operational control of nuclear gene expression via retrograde adjustment . AP2/ERF-TFs are known to be involved in abiotic stress response (Agarwal et al., 2006; Dietz et al., 2010) and light acclimation (Koussevitzky et al., 2007; Khandelwal et al., 2008; Gordon et al., 2012) . The identified AP2/ERF-TF coexpression network of 19 members revealed H-light responsiveness (Figure 1) , 12 members of which were upregulated at t = 10 min following the L→H shift and upon N→H shift. The similar type of regulation excludes a major influence of starvation of L-light plants on TF expression since N-light plants were subjected to normal growth conditions, and the H-light treatment was started 6 h after beginning of light phase. The fast response suggests a role in very early signaling of excess light and possibly in signal amplification. Despite the fact that L-light plants develop fewer and smaller leaves and display lower electron transport rate, L-light plants are vital and perfectly acclimate to the 100-fold light increment (Oelze et al., 2012) . Photoinhibition is fully reversible and the transcriptome of L→H-shifted plants highly resembles that of N→H-shifted plants after 6 h H-light (Alsharafa et al., 2014) . The regulation of early responding coexpressed AP2/ERF-TFs was considered as an interesting starting point for further investigation of upstream and downstream events in the early H-light response.
Triggering the AP2/ERF-TF Coexpression Network
The strong upregulation of the 12 AP2/ERFs in H-light implies that upstream signaling events precede this regulation. The time window of the activation of this trigger could be narrowed down to ;1 to 2 min, which proved to be a point of no return for close to maximal upregulation of AP2/ERF transcript levels after 10 min (Figure 2 ) even when returned back to L-light, and also enabled MPK6 activation ( Figure 5 ). The short time period makes it unlikely that de novo-synthesized TFs are involved in transcriptional control of AP2/ERFs of Group IV. Thus, existing TFs present in L-light plants likely are activated #2 min following the L→H transfer. The promoter analysis (Table 1) indicates the presence of a high number of cis-elements for MYB-TFs. These MYB-TFs might be able to activate the network upon H-light treatment based on the involvement of MYB-TFs in many stress-responsive signal transduction pathways (Stracke et al., 2001; Dubos et al., 2010) . The highest GUS/LUC activity was seen only in the 1000-bp erf6 promoter region (Figure 7 ). An I-box and a GAP-box were found in the region between 2750 and 21000 bp (Figure 7) , which gives hints to transcription initiation. The I-box plays a role in the response to different light conditions in tomato (Solanum lycopersicum) (Giuliano et al., 1988) , whereas the GAP-box was found in the promoter region Figure 6 . Expression of ERF6, ERF104, and ERF105 in mpk6 Mutants (Col-0).
(A) and (B) Transcript levels of ERF6, ERF104, and ERF105 were quantified by quantitative PCR in the wild type and two different mpk6 mutants: (A) mpk6-2 and (B) mpk6-3 in response to L→H shift at t = 10 min. (C) Kinetics of ERF6 transcript regulation in the wild type and mpk6-3 mutant upon L→H light transfer (n = 3 independent experiments with duplicate determinations, mean 6 SE, asterisks indicate significant difference, Student's t test P < 0.05).
of the gene for chloroplast glyceraldehyde-3-phosphate dehydrogenase and shown to be light regulated (Jeong and Shih, 2003) . WRKY TFs can be excluded at least as sole activators since the smallest promoter fragment containing the conserved W-box did not mediate light-dependent reporter gene activation. Since the I-and GAP-box are present only in about half of the 12 AP/ERF-TFs, other motifs must be involved in the H-light response as well.
The unaltered leaf temperature excludes heat stress as a trigger for the upregulation of AP2/ERF transcripts within the first minutes of L→H shift (Figure 3) . When leaves were pretreated with H 2 O 2 prior to the shift to excess excitation conditions, they developed less photooxidative damage and APX2 transcript levels, a stress marker, accumulated to lower levels (Karpinski et al., 1999) . Based on these findings, H 2 O 2 was suggested to function as messenger in local and systemic signaling in response to excess light (Bechtold et al., 2008) . In line with these results, H 2 O 2 transiently accumulated at t = 30 min in the L→H experiment (Figure 3) , supporting its suggested role in signal transmission. However, the kinetics of H 2 O 2 accumulation appeared to be too slow and the maximum of accumulation at t = 30 min was reached too late to function as trigger for the signaling pathway leading to expression of the early responding AP2/ERF-TFs. The point of no return for the transcriptional activation was determined at t # 2 min of L→H shift. This kinetic discrepancy and the dependency on TPT make it unlikely that H 2 O 2 acts as the immediate and first trigger for the induction of MPK6 phosphorylation 1 or 2 min after transfer to H-light. This is tentatively supported by the fact that the transcriptional response of the AP2/ERF-TFs was unaltered in the KatE2 line that overexpresses the E. coli catalase in the chloroplast (Supplemental Figure 3) . The activity of E. coli catalase in chloroplasts upon H-light treatment is difficult to judge since catalase is known to be light sensitive under certain conditions and to have a low K m for H 2 O 2 (Feierabend and Engel, 1986) . However, there exists experimental evidence that E. coli catalase is active since inhibition of photosynthesis in transgenic plants expressing glycolate oxidase in the chloroplast was overcome by coexpression of KatE (Maurino and Flügge, 2009) , suggesting efficient decomposition of glycolate oxidasegenerated H 2 O 2 . Thus, H 2 O 2 signals appear to be of subordinate importance both at the very early time point of H-light acclimation and at later time points as reported for the same experiment at t = 6 h by Oelze et al. (2012) . There remains the likelihood that H 2 O 2 participates in retrograde signaling on intermediate time scale of 15 to 45 min (Karpinski et al., 1997 (Karpinski et al., , 1999 Galvez-Valdivieso et al., 2009) . Furthermore, other ROS like singlet oxygen could be involved in these signaling pathways. Apel and coworkers investigated the singlet oxygendependent pathways using flu and executer in single and triple mutants (op den Camp et al., 2003; Wagner et al., 2004; Kim et al., 2012) . Singlet oxygen signaling triggers expression of marker genes, such as BAP1. However, Galvez-Valdivieso et al. (2009) observed downregulation of BAP1 following illumination with 5-fold higher intensity than growth light. This study also included early time points of 5 and 10 min. Likewise, redox changes of the photosynthetic electron transport chain and signal transmission mediated by STN7 can be excluded as trigger for the AP2/ERF-TF expression in excess light since the accumulation of transcript levels were similar in the wild type and stn7 at t = 10 min (Supplemental Figure 3) . In addition, the chloroplast MDH and alterations in the NADPH-to-NADP + ratio mediated by the malate valve are not involved in the initiation of ERF6, ERF104, and ERF105 accumulation (Supplemental Figure  3) . The different expression profile of RRTF1 in the mdh mutant (Supplemental Figure 3) where the redox balance between the chloroplast and cytosol is changed could be due to the previously described involvement of RRTF1 in redox regulation (Khandelwal et al., 2008) . The function of RRTF1 in redox homeostasis still remains elusive. AP2/ERF-TF transcript regulation depends on interfering signaling pathways. This hypothesis is supported by results from transcript analysis where mRNA levels of 53 AP2/ERF-TFs expressed in leaves were assessed for dependence on treatments inducing retrograde signals . Some of these AP2/ERF-TFs share highly similar regions in their DNA binding domains. Nevertheless, their To analyze the total number and type of cis-elements within Group IV members, the 1000 bp upstream of the ATG region was searched using the ATHENA database (O'Connor et al., 2005). expression profiles were completely different, leading to the assumption of involvement in different signaling pathways . TPT enables the export of dihydroxyacetone phosphate (DHAP) into the cytosol in exchange for phosphate (Fliege et al., 1978; Flügge, 1987 Flügge, , 1992 but is only functional in photosynthetically active tissues (Schulz et al., 1993; Flügge, 1995) . The expression change of selected AP2/ERF-TFs at t = 10 min was strongly and significantly suppressed in both tpt mutants (Figure 4 ; Supplemental Figure 3A) . Therefore, the initiation of AP2/ERF-TF expression appears to rely on altered metabolite levels linked to triose phosphate export in the very early phase of the light shift. DHAP increases after illumination of darkened leaves within seconds as shown in nonaqueously fractionated chloroplasts that reflect the metabolic situation of the chloroplasts in vivo (Dietz and Heber, 1984) . Exported triose phosphate is converted to 3-phosphoglycerate with simultaneous generation of ATP and NADPH and subsequent Suc biosynthesis (Flügge, 1999) . Thus, concentration changes of DHAP, ATP, and NAD(P)H are connected and may activate protein phosphorylation cascades. To test this model, subcellular metabolite levels would need to be determined, for example after nonaqueous fractionation of leaf tissue (Gerhardt and Heldt, 1984) . Since plants were exposed to L-light prior to transfer to H-light, the Calvin cycle is preactivated. Thus, upon transfer to H-light, the activation state should allow for instantaneous buildup of metabolites in the stroma (Dietz and Heber, 1986) and the cytosol mediated by TPT.
Linking MAPK Cascades and AP2/ERF-TF Expression
Protein phosphorylation by MAPK cascades is a well-known process in eukaryotic signal transmission (Tena et al., 2001; Rodriguez et al., 2010) . The doubling of MPK6 activation within 1 min after the L→H shift indicates that MAPK cascades involving MPK6 are involved in the very fast response to the 100-fold light shift ( Figure 5A ). Thus, expression initiation of the AP2/ERF-TFs, which precedes the transcript maximum at t = 10 min, correlates with activation of MAPK cascades as indicated by MPK6 phosphorylation. This activation was absent in H-light shifted mpk6 mutants, proving activation of MPK6 in the wild type. Moreover, none of the other detected MAPKs showed a higher phosphorylation state in the wild type or mpk6 mutants, ruling out compensatory redundancy of MPK3 and MPK6 in the early phase of the H-light shift (Supplemental Figure 6) . The absence of MPK6 activation in the tpt2 mutant connects triose phosphate export to MAPK cascades in the early H-light response ( Figure 5B ). Bethke et al. (2009) observed phosphorylation of ERF104 by MPK6 upon flg22 application. MPK6 is involved in rapid biotic stress responses (Asai et al., 2002) . Likewise, ERF6 was described as substrate of MPK3/MPK6, and this activation was linked to defense gene expression (Meng et al., 2013) . Teige et al. (2004) showed upregulation of MPK6 activity by MKK2 phosphorylation after cold or salinity treatment. In addition, MPK6 activation after application of ethylene precursors induced ETHYLENE INSENSITIVE3, which acts as positive regulator in ethylene signaling (Yoo et al., 2008) . The transcript accumulation of ERF6 at t = 10 min of L→H was significantly reduced but not completely abolished in both mpk6 mutants, whereas ERF104 and ERF105 showed a decrease only in the mpk6-2 mutant (Figure 6 ). Despite these differences, the results support the hypothesis of TPT and MPK6 involvement in rapid ERF transcript accumulation. The mentioned reports show that MPK6 interacts with many proteins. This allows for two interesting conclusions: First, the TPT-dependent retrograde signaling likely addresses different downstream pathways that then adjust gene expression to H-light conditions; second, the TPT pathway likely has crosstalk with other pathogen and abiotic stress-related signaling pathways that involve MPK6.
Signal Amplification by ERF6
The unchanged transcript levels of ERF104 and ERF105 in erf6 mutants compared with wild-type plants demonstrate that regulation of these AP2/ERF-TFs occurs independently of the network itself and excludes short term feedback regulation. It is suggested that the AP2/ERF-TF coexpression network acts as downstream signal amplification module in the H-light acclimation response. Several putative targets of ERF6 were (A) The 1000-bp upstream region of the ERF6 promoter was truncated to obtain four fragments that were fused to GUS reporter gene. cis-elements that are potential binding sites for light-responsive TFs (I-and GAP-box) were detected in the promoters of the network; however, MYB, MADS, and WRKY boxes were present in higher numbers. (B) GUS/LUC activity of the different fragments measured after protoplast transfection. Fragment 1 showed the highest activity after light shift. Fragment 4 showed no differential activity compared with darkness control (n = 5 independent experiments, mean 6 SE, letters indicate significance groups, Student's t test P < 0.05).
identified by altered transcript levels in the mutant. Transcript accumulation of chitinase genes in Arabidopsis in H-light response was already observed by Takenaka et al. (2009) . The higher transcript levels of CHITINASE FAMILY PROTEIN (CHFP) suggest a repressive function of ERF6 in the signaling cascade of CHFP expression initiation ( Figure 8A ). However, an ERFassociated amphiphilic repression motif (EAR-motif; Dong and Liu, 2010) is not present in the sequence of CHFP. Thus, the repressive function must be indirect. In general, chitinases are involved in pathogen defense (Shin et al., 2008) and are known to be developmentally regulated (Kwon et al., 2005) . The response of PR1, which is a known marker for biotic stress (Van Loon and Van Strien, 1999) , was significantly lower in erf6 mutants ( Figure 8C ). However, besides the involvement in biotic stress, it was shown that mRNA levels of PR1 also accumulated in response to salicylic acid or jasmonic acid signaling in the absence of biotic stress, both of which are involved in retrograde signaling processes (Ward et al., 1991; Reinbothe et al., 1993; Niki et al., 1998) . In addition, Qiu et al. (2008) demonstrated that PR1 expression is downregulated in mkk1 and mkk2 mutants where MKK2 serves as the kinase upstream of MPK6 (Teige et al., 2004) . Hence, PR1 expression might depend on MPK cascades and ERF6. EXT1 is involved in developmental processes since its expression alters the thickness of root cell walls (Merkouropoulos et al., 1999) . In addition EXT1 levels are upregulated in response to abiotic stress in all plant tissues (Merkouropoulos and Shirsat, 2003) .
The lower expression of HSP20-like after 30 min of L→H transfer characterizes this gene as a possible downstream target of ERF6 ( Figure 8C ). Heat shock proteins participate in signal transduction in H-light acclimation and in hardening responses. Rossel et al. (2002) reported transcript accumulation of HSP20 and HSP70 after 60 and 120 min of a 10-fold light intensity shift. The enhanced expression of HSP20-like in wild-type plants is in line with the accumulation of H 2 O 2 at t = 30 min in this work. HSP transcripts are upregulated after H 2 O 2 application (Desikan et al., 2001) as well as in catalase-deficient mutants in Arabidopsis (Vandenabeele et al., 2004) . CIPK11 is part of calciumdependent signaling and activates Na/H + antiporters (Halfter et al., 2000) . The strong upregulation in the wild type at t = 60 min suggests involvement of calcium-dependent signaling in H-light response ( Figure 8D ). In erf6 mutants, CIPK11 mRNA accumulation occurred earlier (t = 10 min), but the peak was less pronounced compared with the wild type peak at t = 60 min. Investigation of Ca 2+ levels and changes in cytosolic Ca 2+ activities might provide insight into Ca 2+ signaling responses and probable alterations in the mutants. Chloroplast protein kinaselike (ChlPK-like) is possibly involved in tocopherol biosynthesis (Vidi et al., 2006) . Tocopherol, as a low molecular mass antioxidant, counteracts membrane oxidation and protects photosystem II On the basis of a single microarray experiment, putative target genes of the ERF6 TF were selected and RNA levels quantified by quantitative PCR. All selected genes showed significantly altered expression levels in the erf6 mutant (quantitative PCR, n = 3 independent experiments with duplicate determinations, mean 6 SE, asterisks indicate significant difference, Student's t test P < 0.05). (Gill and Tuteja, 2010; Traber and Stevens, 2011) . Hence, measurements of tocopherol levels during a L→H transition might provide more information about involved signaling pathways and acclimation processes to H-light.
Proposed Model of Early H-Light Signaling
The results of this study in concert with data from recent publications support a hypothetical model for the time-dependent regulation processes in response to H-light. Within a few seconds after the light shift, the cytosolic level of DHAP, and subsequently of linked metabolites, such as ATP and NADPH, change as a consequence of translocation of DHAP from the chloroplast to the cytosol by the TPT. In turn, these changes activate protein phosphorylation cascades leading to MPK6 phosphorylation peaking 1 to 2 min after L→H transfer. It is suggested that phosphorylation of constitutive but inactive TFs initiates expression of the AP2/ERF-TFs. Accumulating transcript levels for AP2/ERF-TFs and their subsequent translation together with higher H 2 O 2 levels and H 2 O 2 -dependent signaling amplify the H-light acclimation response through HSPs and kinases. Thus, within minutes, cascades of signaling pathways lead to the activation and amplification of several target genes and contribute to global acclimation. In parallel or at slightly longer time scales, other retrograde signals such as H 2 O 2 (Galvez-Valdivieso et al., 2009), singlet oxygen, possibly via EXECUTER (op den Camp et al., 2003; Wagner et al., 2004) , and hormones (Park et al., 2013) also may contribute to the operational retrograde signaling leading to efficient H-light acclimation.
METHODS
Plant Growth and Treatments
Arabidopsis thaliana wild-type Columbia-0 (Col-0) and wild-type Wassilewskija plants and the mutants KatE2 (Oelze et al., 2012) , erf6 (SAIL_1236_H11), mdh (Hameister et al., 2007) , mpk6-2 (Müller et al., 2010 ), mpk6-3 (Bethke et al., 2009 , stn7 (Pesaresi et al., 2009) , tpt1 (Schneider et al., 2002) , and tpt2 (Schmitz et al., 2012) were grown in soil culture (1:1:1 mixture of Frühsdorfer Erde Klocke P, perlite, and vermiculite) for 4.5 weeks under the following conditions: 10 h of light, 80 mmol quanta m 22 s 21 , 23°C, and 14 h darkness at 18°C; 55% relative humidity. Except for the KatE2 mutant, all mutants used in this study are T-DNA exon insertion mutants (Supplemental Figure 4) . For L-light acclimation 3-week-old N-light-grown plants were transferred to L-light (8 mmol quanta m 22 s 21 ) and further grown for 10 d. These plants have been shown to be fully shade acclimated (Oelze et al., 2012) . For the treatments, whole plants were illuminated with H-light (800 mmol quanta m 22 s 21 ) for different time periods or left in low light as control. Harvest time was always 3 PM. Whole rosettes were harvested and immediately frozen in liquid nitrogen for all subsequent analyses.
Network Construction
The network was constructed as previously published (Dietz et al., 2010) . Moreover, a second database (Expression Angler; Toufighi et al., 2005) was employed to resolve the coexpression network in more detail. The cutoff for possible coexpressed AP2/ERF-TFs was set to Pearson correlation coefficient r = 0.4.
Promoter Analysis and Cloning of Constructs
To analyze the promoter regions of the genes for AP2/ERF-TFs, the 1000-bp region upstream of the ATG start codon of each gene was analyzed for common cis-elements. To this end, the ATHENA database (O'Connor et al., 2005) was used. The promoter regions (up to 1000 bp upstream) of the rapidly responding AP2/ERFs were also analyzed for common cis motifs using MEME (Bailey et al., 2006) . The 1000-bp promoter region of the AP2/ERF-TF ERF6 (At4g17490) was amplified using specific primers (59-AAAAG-GATCCTTCACTTACAAATGAAGC GA-39: 59-AAAACTCGAGTTTGGAG-GAAACAGAGAATT-39) in a RoboCycler (Stratagene) and visualized in agarose gels. The constructs with shortened fragments were generated in the same way using the following specific forward primers: Fragment 2, 59-AAAA-GGATCCACTGGTTGAACT-39; fragment 3, 59-AAAAGGATCCAACGTGTGTT-TATC-39; fragment 4, 59-AAAAGGATCCGCAGCCTAATTAAA-39; while the reverse primer was in each case the same as for fragment 1. After purification using the SV Gel and PCR Clean Up System (Promega), these fragments were cloned into the pBT10-GUS vector (Sprenger-Haussels and Weisshaar, 2000) using BamHI and XhoI (NEB). The plasmids were sequenced (MWG Ebersberg) using the specific primers 59-CTGGCCTTTTGCTCACATG-39 or 59-GTATAAAGACTTCGCGCTGATAC-39 and verified plasmids were used for activity measurements.
Transfection and GUS Activity Measurements
Twenty micrograms of the various pBT10-ERF6-Promoter-GUS constructs was transfected into protoplasts together with a pBT10-UBI-LUC vector (Sprenger-Haussels and Weisshaar, 2000) . As a positive control the pBT10-35S-GUS vector (Sprenger-Haussels and Weisshaar, 2000) was used. The transfection protocol was described earlier by Seidel et al. (2004) . The protoplasts were treated for 10 min with H-light (800 mmol quanta m 22 s 21 ) and afterwards incubated for 4 h in darkness for optimal protein expression of GUS or LUC. The protoplast solution was centrifuged for 5 min at 800 rpm (SIGMA 3-18K; Osterode). The supernatant was discarded and the pellet again briefly centrifuged (Biofuge fresco; Hereaus). After shock freezing in liquid nitrogen, the pellets were dissolved in Beetle-Lysis Juice (PJK) and centrifuged for 10 min at 10,000g. The resulting supernatant was immediately used for measuring luciferase activity (Firefly Beetle Juice; PJK) or GUS activity (Beta GUS Juice PLUS; PJK) according to the manufacturer's instructions. To eliminate differences between the samples according the transfection efficiency, the GUS activity was normalized as ratio of the fluorescence value and the measured luciferase activity for each sample. Thus GUS activities are presented as GUS/LUC ratios with maximum value set to 100%.
T-DNA Insertion Mutant Analysis
The analysis of the T-DNA insertion line SAIL_1236_H11 of ERF6 was done as described by Vogel et al. (2012) following the DNA extraction protocol of Edwards et al. (1991) .
Transcript Profiling
RNA isolation and cDNA synthesis were performed as described by Wormuth et al. (2006) . Transcript levels were quantified with RT-PCR as previously published (Finkemeier et al., 2005) . Quantitative real-time PCR was performed as described by Oelze et al. (2012) with the single difference using MESA Blue MasterMix Plus SYBR Assay (Eurogentec). ACTIN2 was used as reference gene. Comparable transcript levels of ACTIN2 during H-light treatment and L-light or N-light controls were checked. Primers are given in Supplemental Table 2 .
Microarray Hybridization and Analysis
Whole plants of Arabidopsis wild type and erf6 mutants were treated for 30 min with a 100-fold light shift (L→H). Total RNA was extracted by the Qiagen Plant RNA kit from whole rosettes following the manufacturer's instructions. The purity was checked by Nanodrop analysis (ND-1000; Peqlab) and gel electrophoresis. A total amount of 1 µg in 10 mL water was sent to the Nottingham Arabidopsis Stock Centre for hybridization (Craigon et al., 2004) . The data were further analyzed with Flex Array v1.6.1 (Blazejczyk et al., 2007) using RMA normalization. The difference between the normalized log 2 values of the erf6 mutant and wild-type plants was calculated.
Temperature Measurement
A thermoelement (nickel/chromate [Ø0.05 mm], nickel [Ø0.06 mm]) was used for measuring leaf temperature. The small thermoelement was fixed on the upper side of the leaf to monitor the temperature with a voltmeter while illuminating the plant with H-light.
Determination of H 2 O 2 Concentrations and MPK Activity
Leaves were frozen in liquid nitrogen, and H 2 O 2 was measured by chemiluminescence according to Pérez and Rubio (2006) . Protein extraction and quantification as well as SDS-PAGE and immunoblotting were done as described by Ahlfors et al. (2004) .
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: ACTIN 2 (At3g18780), ChlPK-like (At5g05200), CHFP (At2g43620), CIPK11 (At2g30360), ERF5 (At5g47230), ERF6 (At4g17490), ERF011 (At3g50260), ERF012 (At1g21910), ERF013 (At1g77640), ERF017 (At1g19210), ERF022 (At1g33760), ERF025 (At5g52020), ERF054 (At4g28140), ERF060 (At4g39780), ERF104 (At5g61600), ERF105 (At5g51190), ERF107 (At5g61590), EXT1 (At1g76930), HSP20-like (At1g53540), MDH (At5g58330), MPK6 (At2g43790), PR1 (At2g14610), RAP2.6 (At1g43160), RAP2.8 (At1g68840), RAP2.13 (At1g22190), RAV1 (At1g13260), RRTF1 (At4g34410), STN7 (At1g68830), TEM1 (At1g25560), and TPT (At5g46110).
Supplemental Data
The following materials are available in the online version of this article. Supplemental Figure 7 . Expression of ERF104 and ERF105 in the erf6 Mutant.
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